This paper describes the effects of the grain boundary misorientation on the radiation induced segregation (RIS) in proton irradiated 304 stainless steels. Experimentally, four test conditions were used for the 304 stainless steel specimens: (1) As-received (AR) with enriched Cr at grain boundary, (2) AR + 1 dpa proton irradiated at 450 C, (3) Thermal sensitized (SEN), and (4) SEN + 1 dpa proton irradiated at 450 C. Compared with no pre-enrichment condition, a delayed Cr depletion was found at grain boundaries in AR + 1 dpa specimens. After irradiation, the Cr concentration profile across grain boundaries became narrower and deeper in SEN + 1 dpa specimens. The degree of grain boundary segregation was observed to be higher at random boundaries than special boundaries. In the case of SEN + 1 dpa specimens, the segregation cusps were observed at grain boundaries of AE3, AE9 and AE15, and the Cr segregation levels at special boundaries were increasing with AE for value up to AE ¼ 15. Theoretically, a simple rate equation model with modified boundary conditions, which were related to the grain boundary diffusion of defects and the densities of the grain boundary dislocations, was developed for RIS at boundaries with different AE and Á. The model calculations showed that the RIS model with modified boundary conditions could predict clearly the same trend as that of experiments, in which the Cr depletion levels at special boundaries in irradiated 304 stainless steels were increasing with AE. The model calculations also showed that the widths of the segregation cusps were decreasing with increasing AE.
Introduction
It is well known that Cr depletion near grain boundaries is a major factor causing the IASCC 1) and IGSCC in irradiated and thermal sensitized austenitic stainless steels, respectively. The mechanisms of these two grain boundary segregation phenomena are different. The thermal sensitization effect is driven by thermodynamic forces. In contrast, RIS is a nonequilibrium effect and is driven by kinetic processes.
2) The Cr depletion during thermal sensitization is caused by the diffusion of Cr and Carbon to grain boundaries and forming Cr carbide at the grain boundaries. The mechanisms of the radiation-induced solute segregation (RIS) may be described by inverse-Kirkendall models. 3) Many studies have indicated that the grain boundary related properties, such as grain boundary energy, 4) grain boundary migration, 5) grain boundary diffusion, 6) and grain boundary segregation are dependent upon the grain boundary structure. For grain boundary segregation, 7) small angle boundaries generally exhibit smaller amounts of segregation than large angle boundaries. For large angle boundaries, the variations in segregation to most general boundaries may be up to AE30% of the average in polycrystalline specimens, 8) the strength of the segregation at grain boundary depends on the structure of the grain boundary. In general, the high energy grain boundaries have more preferential sites for solute segregation than low energy boundaries such as CSL (Coincidence Site Lattice) grain boundaries, especially AE3 twin boundaries. Therefore, it is reasonable to propose that grain boundary structure may be an important factor which would affect the degree of RIS at grain boundary.
The effects of grain boundary structure on grain boundary segregation have been studied by many workers 7, 9, 10) in the past years. However, the effects of grain boundary structure on radiation induced segregation (RIS) has not been investigated extensively. In this paper we are interested in the effects of grain boundary misorientation on RIS in proton irradiated 304 stainless steels. In conventional RIS model, it is generally assumed that the grain boundaries are perfect sinks, and therefore the boundary condition for defect concentrations at the grain boundaries may be taken as equal to the thermal equilibrium defect concentrations. However, in real situation, the actual boundaries, for instance the AE ¼ 3 boundaries, would not always behave like perfect sinks.
11) The defect concentrations at the grain boundaries will generally depend both upon how rapidly the flux of defects can be absorbed at the boundaries and how fast the flux of defects can diffuse to the grain boundaries.
It is well known that the interfaces can be modeled by continuously or discretely distributed arrays of dislocations. 12, 13) For low-angle boundaries the mechanism available for the absorption of the point defects is the climbing of the primary dislocations in the boundaries. The point defects are absorbed at jogs on the climbing dislocations by means of thermally activated fluctuations. 14) However, for singular or vicinal high-angle boundaries, the absorption of the point defects at boundaries is more readily via the climb of the secondary dislocations, 15) due to the facts that such boundaries with reference structures of low energy are resistant to the simultaneous climb of their primary dislocations. Normally, most of the diffusing defects from the bulk would impinge upon the boundary surface and then diffuse along the grain boundary to the grain boundary dislocations, and furthermore, diffuse along the cores of grain boundary dislocations to the jogs where the defects absorbed.
In this paper, the effects of the grain boundary misorientation on the radiation induced segregation in proton irradiated 304 stainless steels will be described and most of them will be referred to our previous works 11, 17, 18) which include both experiments and model calculations.
Experiments

Materials and heat treatments
The composition of the 304SS used in this work is (in mass%): Cr(18.04), Ni(8.23), Mn(1.49), Mo(0.036), P(0.025), S(0.002), Si(0.5), N(0.056), C(0.047) and Fe(bal.). There are two initial conditions, as-received and sensitized, for the irradiated 304SS specimens, therefore we have 4 different conditions for the specimens: As-received (AR), Irradiated (AR + 1 dpa), Sensitized (SEN) and IrradiatedSensitized (SEN + 1 dpa). The heat treatment for sensitization was carried out at 650 C for 100 hours and then cooled by a water quench, and for the AR specimens the heat treatment was at 1100 C for 3 minutes and cooled by a water quench.
Proton irradiation
The irradiation tests were performed using a Tandem linear accelerator to promote the RIS effect in both the AR and SEN 304SS specimens. The specimens were irradiated by 5 MeV protons at 450 C to a total dose of 1 dpa. The damage rate was estimated at about 1 Â 10 À6 dpa/s at the examined region. After irradiation, both the SEN and AR samples were made into TEM specimens of 3 mm diameter and 80-90 mm thick and then prepared by electropolishing for TEM observations.
FEGTEM/EDS observations
The observations of grain boundary segregation and grain boundary misorientation were performed on JEOL JEM-2010F TEM with X-ray spectrometer attached to the stage. This instrument provides an acceleration voltage of 200 kV and has a small beam size of 0.5 nm. The Cr/Ni-concentration profiles near the grain boundaries were measured by X-ray energy dispersive spectrometry (XEDS) and the grain boundary misorientations were observed by diffraction patterns with Kikuchi maps. The specimens were sputtered with Ar-ions to clean the surface before EDS measurements. The thickness of the examined area in specimen is about 80-100 nm. The X-ray spectra profiles across grain boundaries were taken normally at AE0, 2, 4, 10, 20, 50, 70 nm steps, and the spectra were taken along the grain boundaries for a minimum of 5 measurements (>5 nm apart) on each edge-on grain boundary. Each X-ray spectra data was collected for 90 seconds with the beam probe checked and repositioned every 30 seconds to keep the drift less than 2 nm.
Determination of grain boundary misorientation by
Kikuchi patterns The grain boundary misorientation was determined both by measured and simulated Kikuchi patterns. To determine the grain boundary misorientation, first we need to know the beam direction in each grain on both sides of the boundary. A detailed procedure for determining the beam direction in grains from Kikuchi patterns has been given by Chen and King. 19) The beam direction in crystal is defined to be antiparallel to the direction of electron flow. It is possible to locate the beam spot precisely in a simulated Kikuchi pattern, as shown in Fig. 1 . The picture of the Kikuchi pattern in the central part of the Fig. 1 was taken on TEM. As can be seen, we may have a good match between the measured and simulated Kikuchi patterns.
The exact beam direction in each grain can then be determined by solving the relationships of beam direction B o and at least three known pole directions on a simulated Kikuchi pattern P 1 , P 2 and P 3 (see Fig. 2 ):
where x 1 , x 2 , and x 3 are the distances from beam spot in the The distances from beam spot to three known poles P 1 , P 2 and P 3 in the simulated Kikuchi pattern are x 1 , x 2 and x 3 , respectively, and L is the camera length, provided that x=L is very small. simulated Kikuchi pattern to three known poles, respectively, and L is the camera length, provided that x=L is very small. Next, in order to determine the misorientation between two grains, the Lab. frame is considered attached to the photographic plate (with the emulsion side up). The beam direction is taken as z-axis, and the plane on the photographic plate as x-y plane. The Lab. frame can be treated as fixed in space due to the fact that the position of the photographic plate in TEM is fixed. With the known beam direction and Kikuchi pattern, we can express the Lab. frame on photographic plate in terms of the grain coordinate system which may be set up from the simulated Kikuchi patterns. As shown in Fig. 3 , the Lab. frame in terms of coordinates of grain 1 and 2 is denoted as U 1 and U 2 , respectively. The misorientation matrix R relating the two grains can be written as:
where R is a 3 Â 3 matrix, R ij is the element of matrix R, and U 1i and U 2i are column vectors. The orientation relationship between two grains can be described by a rotation about an axis. The rotation axis is given by the unit vector parallel to
and the rotation angle by
With the rotation axis and angle, the corresponding AE value can be found from the table made by Mykura in which they listed values of rotation axis and angle for CSL's up to AE 101. 20) In general, the measured grain boundaries are not exact CSL boundaries. The total deviations from exact CSL, Á, may come from the deviations in both the misorientation axis and the angular misorientation. Hence, Á is defined as the averaged angular difference between the column vectors of the CSL misorientation matrix and the respective column vectors of the measured misorientation matrix.
21) The permissible deviation from an exact CSL can be determined by the Brandon criterion. 22) In this paper, we label a boundary by the nearest AE, although it may have been over the permissible deviation from a CSL boundary of AE. The lowest-angle/axis pair will be used here to denote the misorientation relationship between 2 adjoining grains. Figure 4 shows the Cr concentration profiles across grain boundaries of different AE value in the as-received 304SS specimens. The Cr enrichment is observed near grain boundaries and the degree of Cr enrichment is different from boundary to boundary for the AR specimens. We can see form Fig. 4 The Cr concentration profiles across grain boundaries of different AE value in the as-received 304SS specimens. The Cr enrichment is observed near grain boundaries and the degree of Cr enrichment is different from boundary to boundary. at boundaries of different AE value for both AR and AR + 1 dpa specimens. All the boundaries are not exact CSL boundaries, rather they have deviations from CSL structures. Here, we label a boundary by the nearest AE. 
Experimental Results
AR and AR + 1 dpa specimens
The black ones refer to the boundaries with Á > Á b , and boundaries of these kinds are regarded as random boundaries here.
In Fig. 5 , for AR specimens we can see that the Cr enrichment levels at boundaries of higher AE value (here, AE ¼ 53 or 65) are higher than those at CSL boundaries, and almost no Cr enrichment is found at AE3 boundaries. After irradiation to 1 dpa at 450 C, the Cr profiles across grain boundaries are changed. Most of the boundaries show slight Cr depletion, but some remain Cr enrichment of a small amount. This suggests that initially Cr-enrichment appears to delay subsequent radiation induced Cr depletion at grain boundaries, as reported by other workers, 23) and that the delay is different from boundary to boundary. In general, the AE3 boundaries have least enrichment and depletion due to their more order structures, and the random boundaries have higher enrichment and depletion levels due to their more open structures.
SEN and SEN + 1 dpa specimens
The representative concentration profiles across grain boundary are shown in Fig. 6 for both the SEN and SEN + 1 dpa 304SS specimens. We can see from Fig. 6 that, for sensitized specimens, depletion of Cr and enrichment of Fe at grain boundaries are observed clearly, and for irradiated sensitized specimens, depletion of Cr and Fe and enrichment of Ni and Si at grain boundaries are observed after irradiation. The concentration profiles of Fe, Cr and Ni near grain boundary after irradiation are superposed on those before irradiation. The RIS effect which occurred in the initially sensitized specimens during irradiation can be observed clearly in the irradiated sensitized specimens. Figure 7 plots the Cr concentration profiles across grain boundaries of different AE value in both the SEN and SEN + 1 dpa 304SS specimens. As can be seen, the degree of Cr depletion is different from boundary to boundary for both the SEN and SEN + 1 dpa specimens. Normally, the Cr depletion levels at random boundaries are deeper than those at special boundaries, and for AE3 and low angle boundaries only slight Cr depletion is observed (compared with random boundaries). The depletion levels of Cr atoms (ÁCr Cr gb À Cr matrix ) at boundaries of different AE are shown in Fig. 8 for both SEN and SEN + 1 dpa 304SS specimens. From Fig. 8 we may see that (a) the Cr depletion level at CSL boundary 
The depletion levels of Cr atoms (ÁCr Cr gb À Cr matrix ) at boundaries of different AE for both SEN and SEN + 1 dpa 304SS specimens. It may be seen that (a) the Cr depletion level at CSL boundary increases with AE for AE 21 in SEN + 1 dpa specimens (as shown with dotted line), (b) the Cr depletion level varies with Á for the boundaries of the same AE.
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increases with AE for AE 21 in SEN + 1 dpa specimens (as shown with dotted line), and (b) the Cr depletion level varies with Á (misorientation angle from the exact CSL) for the boundaries of the same AE. Furthermore, to see the dependence of ÁCr on Á for the SEN + 1 dpa specimens, we plot the variations in depletion levels of Cr with misorientation angle with rotation axis h210i, as shown in Fig. 9(a) . In Fig. 9(a) , the small circles are measured points, and the solid lines are obtained by curve fitting. We can see from the fitted curves that three cusps appear at AE3, AE9 and AE15 boundaries, and the Cr depletion levels at CSL boundaries is also increasing with AE for values up to AE ¼ 15. In doing the above curve fitting, we have assumed that the shape of the segregation cusp is similar to that of the boundary energy cusp. For further details, please refer to our previous work. 17) From the results of the experiments, it is certain that the grain boundary segregation is related to the grain boundary structures. The degree of grain boundary segregation is dependent upon the grain boundary misorientation, AE and Á.
Program Simulation and Comparison with Experimental Results
Model description
In this section, we'll develop a model to describe the effects of grain boundary segregation on radiation induced segregation (RIS) in irradiated 304 stainless steels. In order to describe the structures of grain boundary, the grain boundary dislocation model will be used here. We'll consider, for simplicity, a pure symmetric tilt boundary consisting of an array of parallel edge dislocations, which are primary dislocations for low-angle boundary, or secondary dislocations for singular or vicinal high-angle boundary. Normally, most of the diffusing defects from the bulk would impinge upon the boundary surface and then diffuse along the grain boundary to the grain boundary dislocations which will be assumed to be perfect sinks for defects. Therefore, the model to be developed will be based on the RIS model along with grain boundary diffusion and grain boundary dislocation model.
RIS model with modified boundary conditions
The RIS model used here for Fe-Cr-Ni alloys is based on the Lam et al.'s model. 24) The rate equations of atoms (Fe, Cr and Ni) and defects (vacancy and interstitial) are
C k , C v and C i are the concentrations of each atom, vacancy and interstitial, respectively. J v , J i and J k are the fluxes of the vacancy, interstitial and atoms, and R and K 0 are the recombination coefficient and the effective damage rate, respectively. Usually, the initial conditions for the rate equations are (a) thermal equilibrium defect concentrations and (b) uniform composition of the alloy throughout. The boundary conditions at the grain boundaries for the atoms are J k ¼ 0 because of conservation of atoms in a closed system, and for the defects are generally taken as equal to the thermal equilibrium concentrations if the grain boundaries are perfect sinks. For actual grain boundaries, however, the thermal equilibrium defects concentrations may not be maintained in their vicinities due to the lower sink efficiency of the boundaries. The boundary conditions for defects at actual boundaries should be modified here.
To modify the boundary conditions for defects at boundaries, we consider the rate equations for defects in a region of the lattice directly adjacent to the boundary, as shown in Fig. 10 . The rate equation of vacancy near boundary may be written as
where J 1 v and J 0 v are the fluxes of vacancies flowing into and out of the region directly adjacent to the boundary, respectively. The vacancies leaving the directly vicinal region, for high-angle boundary, are assumed to diffuse along the grain boundary to the secondary grain boundary dislocations, and for low-angle boundary are assumed to diffuse directly to the primary grain boundary dislocations. The grain boundary dislocations, due to assumed to be perfect sinks, can maintain the concentration of defects in its direct vicinity at its local equilibrium value, C 
where S is the sink strength of the grain boundary dislocations and d gb vk is the diffusivity coefficients for vacancy-atom pairs vk in the boundary. The sink strength S may written as a product of three parameters, 16) in the form
where g 0 is a purely geometrical parameter, z is the sink capture efficiency and m is a multiple sink correction factor. The geometrical parameter, g 0 , for the sink of grain boundary dislocations is g 0 ¼ 1=ð Þ for low-angle boundaries, 16) r 0 is the radius of the grain boundary dislocations, here we set r 0 ¼ b, b is the Burgers vector of grain boundary dislocation and is a constant of the order of unity.
15) The parameter z is defined as the ratio of the actual point defect current to the sink to the corresponding current which would result if the sink were perfect. In our case, z ¼ 1 for grain boundary dislocations which are assumed to be perfect sinks. The parameter m accounts for the interactions between sinks when many sinks are present. We'll ignore the interactions between grain boundary dislocations, so m ¼ 1 here.
The diffusivity coefficients in the boundaries may be written as 15) 
Here, g v is a dimensionless constant depending on the structure, a is the lattice constant, Z v the coordination number, f gb v the correlation factor, ðv vk Þ o the vibrational frequency (including entropy term), and E m vk the migration energy for diffusion of a vacancy via k atom in the boundaries. We assume that ðv vk Þ o in the boundaries has the same value as that in the bulk, and take f 
where n is the thickness of a boundary expressed in terms of the number of atomic layers. We'll take n ¼ 1 here.
27)
Finally, J 0 v can be written as
where ½D bulk is a quantity related to the diffusion in bulk and would be the same order as that of the diffusion coefficient in bulk. With eqs. (2) and (9), we may have a new boundary condition for defects at grain boundaries instead of boundary condition of thermal equilibrium concentration. The new boundary condition will depend on the quantities of grain boundary, such as density of grain boundary dislocations and grain boundary energy. Similarly, the boundary conditions for the flux of interstitials at grain boundaries can be obtained.
Burgers vectors of grain boundary dislocations
In eq. (9), b is the Burgers vector of the secondary grain boundary dislocation. For high-angle boundary, the reference lattice of the grain boundary is a DSC-Lattice. The primitive Burgers vectors of the secondary grain boundary dislocations are defined by the basis vectors of the DSC lattice. The basis vectors of the DSC lattice for boundaries of different AE in FCC crystals are listed in Table 1. 28) The three basis vectors of DSC lattice have been multiplied by 2AE, in order to avoid the use of fractional indices. It can be seen from Table 1 that the magnitude of the primitive Burgers vectors decreases, on average, with increasing AE because the DSC lattice is related to the reciprocal lattice of the CSL. It is expected that for any grain boundary the most likely existing Burgers vectors of the infinity of possible Burgers vectors will be associated with a lower energy than any other, and this is expected to be the Burgers vector with the smallest length. Besides, for a symmetric tilt boundary, the Burgers vector of the grain boundary dislocations should be perpendicular to tilt axis. The Burgers vectors, which are both most likely existing and perpendicular to tilt axis, are also listed in the latter two The defects will diffuse directly to the grain boundary dislocations in low-angle boundaries.
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columns in Table 1 .
Grain boundary energies
We can see from eq. (8) that the grain boundary energy is a major contributor to the diffusion fluxes of defects in boundaries. Based on the grain boundary dislocation model, the grain boundary energy can be written as 29) 
where 0 is the energy per unit area of the reference structure, core is the core energy of the grain boundary dislocations per unit area of the boundary and el is the elastic energy per unit area of the boundary associated with the elastic field of the grain boundary dislocations. In general, the core and the elastic energies of the dislocations are mainly confined to the dislocations themselves. In this model, since we are interested in the segregation effects of special boundaries, the diffusion will be focused mainly on the area of the reference structure. Therefore, for simplicity, it is assumed that the energy of grain boundary is mainly from that of the reference structure and the core and elastic energies of grain boundary dislocations are ignored.
In CSL model, the boundaries with lower AE value would have better matching structure than those with higher AE value. It was shown in Ref. 30) , and is adopted here, that the grain boundary energy could be related to AE by the following expression
Here, b is the energy of ''bad'' boundaries. We believe b is not just a simple constant, instead it might be dependent on the other properties of grain boundaries, say the inclination of the boundary.
Model results
The model calculations were performed to evaluate the segregation levels of solute atoms at grain boundaries of different AE value. The LSODE numerical integration subroutine was used for the rate equations. The input parameters for rate equations were assumed to be the same as used by Allen et al. 31) and were listed in Table 2 . So far, the yet determined parameter is the grain boundary energy, b , in eq. (11) . It should be determined from the measured free energies of grain boundaries. However, from the experimental data in hand, we cannot accurately determine b at the moment. We can only tell the range where it may lie, i.e., somewhere between 47 and 795 mJ/m 2 . The way to determine b was described in our previous work.
18 ) Here, we'll take b ¼ 355 mJ/m 2 in our model calculations. Figure 11 shows the calculated Cr concentration profiles across grain boundaries of different AE value for the SEN + 1 dpa 304SS specimens. In Fig. 11 , for simplicity, we assume that the initial concentration profiles (shown as dotted line) are the same for the boundaries of different AE and take Á ¼ 1
. In order to compare with the measured composition profiles, we have taken into account the beam broadening effect by a convolution of the calculated composition profile with the X ray generation function which was coming with the broadened electron beam. The model calculations indicate that the degree of Cr depletion is different from boundary to boundary, and that the Cr depletion levels at random boundaries are deeper than those at special boundaries, and increase with AE value. Compared with Fig. 7(b) , we Figure 9 (b) displays the model calculations of Cr variations in segregation levels at grain boundaries of different AE value as a function of misorientation angle for irradiated sensitized 304 stainless steels. In Figs. 9(a) and (b), both of the calculated and measured results indicate the trend that the Cr segregation levels at special boundaries in irradiated 304 stainless steels is increasing with AE for the lower AE values.
Although not obvious, we can see in Fig. 9(b) that the widths of the cusps also change with AE value, as implied by the Brandon's criterion. 22) In doing the above model calculations for the irradiated sensitized case, the measured sensitized concentration profiles were taken as the initial profiles for AE ¼ 9 and 15 boundaries, but for low-angle and AE ¼ 3 boundaries the depths and widths of the initial profiles were assumed to be increasing with misorientation angles. In this model, because the density of the secondary dislocation is zero at Á ¼ 0, the segregation levels will be estimated to be zero at singular boundaries. Therefore, a small deviation from exact CSL boundary (here, we let Á ¼ 0:1 ) was necessary for comparing the segregation levels at CSL boundaries of different AE value in Fig. 9(b) .
From the model calculations we may see that the RIS model with modified boundary conditions can predict the radiation-induced segregation for grain boundaries with different AE's and misorientations, and the results of model calculations are quite consistent with those of experiments.
Discussions
As-received and as-received with irradiation
From the results of AR + 1 dpa specimens, a delay of Cr depletion at grain boundaries was observed. During irradiation, the Cr atoms initially enriched at grain boundaries will diffuse away from the boundary due to pre-existing concentration gradient and inverse Kirkendall effect. In our case, it seems that, after irradiation for 1 dpa at 450 C, the preexisting concentration gradient has dispersed for most of the grain boundaries. We may say that the radiation induced Cr depletion is occurring with a 1 dpa delay compared with no pre-enrichment condition. We can see from Fig. 5 that the delay is different from boundary to boundary, however we could not find any correlations between grain boundary segregation and misorientation in AR + 1 dpa 304SS specimens. This might be attributed to that random boundaries normally have higher Cr enrichment level than CSL boundaries do in AR specimens, and after irradiation, the RIS effect is stronger on random boundaries than CSL boundaries. Therefore, it appears that there is no obvious correlation between grain boundary segregation and misorientation in irradiated 304SS specimens with initially enriched Cr at grain boundaries.
Sensitized and sensitized with irradiation
Next, we'll describe the effects of pre-sensitization on RIS at boundaries with different Á. For random boundaries in SEN +1 dpa specimens, we can see from Fig. 12(a) that the measured Cr concentration profiles after irradiation are changed into narrower and deeper profile as compared with initially thermal sensitized profile. By model calculations for random boundaries with the same initially sensitized profiles, we can obtain the similar profile, as shown in Fig. 12(b) . Another calculated profile illustrated in Fig. 12(b) is a Cr concentration profile of an irradiated CSL boundary of AE9. We may see that the Cr concentration at CSL boundary was increasing instead of decreasing after irradiation, if the CSL boundary had the same initially sensitized profiles. This is due to the fact that the degree of RIS effect is usually small at CSL boundaries.
During irradiation, the flux equation for solute atom k is given by
where flux. In the specimens with a pre-existing Cr depletion profile due to thermal sensitization, the concentration gradient flux will compete with the inverse-Kirkendall flux during irradiation. If the inverse-Kirkendall flux is greater than the concentration gradient flux near grain boundaries, Cr will be further depleted at grain boundaries after irradiation. In a region away from grain boundary where the concentration gradient flux exceeds the inverse-Kirkendall flux, Cr will move toward the grain boundary. Finally, Cr will accumulate in a region between areas near and far away from boundary, and hence result in a narrower Cr profile than initial one as shown in Fig. 13(a) . The evolutions of concentration profiles of Cr with dose are also shown in Fig. 13 . For random boundaries, the profiles go narrower as increase in dose. However, for CSL boundaries, the profiles go wider as increase in dose, as shown in Fig. 13(b) . This is due to that the RIS effect is usually small at CSL boundaries. Therefore, the concentration gradient flux exceeds the inverse-Kirkendall flux even in a region near grain boundary, and the net flow of Cr atom will be in the direction of grain boundary for CSL boundary during irradiation. Actually, the recovery of chromium concentration profile near CSL boundaries in irradiated sensitized specimens is caused by its chemical gradient, and also affected by radiation-enhanced diffusion via irradiation-introduced point defects.
RIS model with modified boundary conditions
The RIS model with modified boundary conditions, which are related to the grain boundary diffusion of defects and the densities of the grain boundary dislocations, was developed for boundaries of different AE value. In the conventional RIS model, the grain boundaries are generally treated as perfect sinks, and the boundary condition for defects at the grain boundaries is C v ¼ C eq v . In the modified RIS model, it is the random boundary that behaves as perfect sink. Hence, the boundary condition for defects at the random boundaries will be C v ¼ C eq v too, as described below. At early times during irradiation, J 2). Hence, the equilibrium defect concentrations at grain boundaries may be determined from eqs. (2) and (9) would become so a large value due to a small increasing in C v from C eq v that the random boundaries would absorb the defects very rapidly and behave as perfect sinks. In this model, therefore, for random boundaries the equilibrium defect concentration at steady state is very close to that in thermal equilibrium. We may say that this model can go back to the conventional RIS model if the grain boundary is a random boundary.
For special boundaries, the diffusing fluxes on boundaries are smaller than those on random boundaries due to the facts that the energies of special boundaries are lower than those of random boundaries. To increase the diffusing fluxes on special boundaries for reaching steady states during irradiation, the defect concentrations at grain boundaries need to be higher than those at random boundaries. Therefore, the defect concentration at special boundaries at steady state is higher than thermal equilibrium value, as can be seen from eq. (9) , and this value is dependent upon the energies and the misorientation angles of the grain boundaries.
From the results of the experiments, it can be seen that the degree of grain boundary segregation is dependent upon the grain boundary misorientation, AE and Á, which in turn is related to the grain boundary energy and the density of grain boundary dislocations. For low-angle boundaries, the degree of segregation increases with misorientation (), and this can be attributed to the increase in primary dislocation density with misorientation. For high-angle boundaries, the segregation cusps are observed at special boundaries. When deviated from the exact CSL boundary, the segregation levels will also increase with the misorientation (Á ¼ À CSL ), and similarly this can also be attributed to the increase in the density of secondary grain boundary dislocations with misorientation.
Besides, segregation levels will depend upon the magnitude of diffusing defect fluxes on boundaries, the diffusing defect fluxes in turn depend upon the grain boundary energies. Figure 14 plots the predicted segregation levels of Cr at boundaries with different energies for as-received 304 stainless steels with 1 dpa irradiation. It can be also seen that the predicted segregation levels of Cr at CSL boundaries are increasing with AE for boundaries with the same initially uniform concentrations over the bulk, and that for each CSL boundary the segregation levels of Cr increase with energy. Actually, in our model the Cr segregation levels at special boundaries will be increasing with AE if we adopt the assumption that the grain boundary energy could be related to AE by eq. (11) . So far, we have not considered the factor of the inclination of the boundary in our model. The grain boundary energy is known to be dependent on the boundary inclination. 15) In many situations, boundaries migrate locally in order to change their inclination and reduce their energy. In this model it could be possible that the parameter b in eq. (11) is related to the inclination of the boundary.
The large-angle boundaries act as sinks more readily via the climb of secondary dislocations in the boundary plane. For boundaries near CSL structure, the density of intrinsic secondary dislocations is low (or zero as in singular boundary), the segregation level is calculated to be close to zero in this model. In real situation, however, a sufficient density of extrinsic dislocations may be produced to dominate the kinetics. 15) This may occur as a result of the impingement of lattice dislocations on the boundaries. The segregation level may not be zero at an initially singular boundary.
This model was shown to predict the radiation-induced segregation for grain boundaries of different energies and misorientation. However, there are some limitations in this model as described below. Some of the input parameters used on grain boundary, which are not available for this moment, were assumed to be the same as those used in bulk, and this may not be the truth. Especially, the grain boundary energies for special boundaries of different AE's in 304 stainless steels are not available from measurements or theoretical calculations, except AE3 boundaries. Dislocations were treated as ideal sinks for defect fluxes in this model. Actually, the absorption of defects at the dislocation lines is a complex process 15) which involves the jumping of defects into the core, the diffusion of these defects along the core to jogs, and the nucleation of jog pairs. For further details on the sink efficiency of dislocations please refer to the reference 15). The elastic fields of dislocations and boundaries were also neglected in this model. They are local fields and confined to dislocations within the range of few Burgers vectors. When misorientation angle is small, the distance between grain boundary dislocations is large so that any effects of the stress field are relatively small and can be neglected. However, for large misorientation angle, the stress field may overlap each other and may not be negligible.
Summary
In this paper, the effects of grain boundary misorientation on grain boundary segregation were described for specimens of as-received, irradiated, sensitized and irradiated sensitized 304SS. A simple rate equation model with modified boundary conditions, which include the fluxes of defects diffusing along the grain boundaries to the grain boundary dislocations, was developed for RIS at boundaries of different AE value. The results of the experiments and model calculations are summarized as follows:
(1) From the results of the experiments, it is certain that the grain boundary segregation is related to the grain boundary structures. The degree of grain boundary segregation is dependent upon the grain boundary misorientation, AE and Á. (2) For the as-received specimens with enriched Cr at grain boundaries, a delay compared with no pre-enrichment of Cr depletion at grain boundaries was observed after 1 dpa irradiation at 450 C. And for the sensitized specimens after irradiation, the Cr concentration profile becomes narrower and deeper than that of the SEN specimens. (3) The segregation cusps were found at the AE3 boundaries for all of the specimens of AR, SEN and irradiated types. Therefore, the AE3 boundary is a very special boundary which has good resistance to solute segregation. 14 The predicted segregation levels of Cr at boundaries with different energies for as-received 304 stainless steels with 1 dpa irradiation. It can be also seen that the predicted segregation levels of Cr at CSL boundaries are increasing with AE, and that for each CSL boundary the segregation levels of Cr increase with energy.
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